Introduction
The absorption of atmospheric carbon dioxide (CO 2 ) by the world's oceans amounts to approximately 2.2 Pg C yr À1 [Intergovernmental Panel on Climate Change, 2013] . However, this uptake varies across all oceans and ocean sink/source behaviors might also shift depending on the season. The polar regions play an important role in the global marine system, acting as a major net sink of atmospheric CO 2 [Takahashi et al., 2002] . Air-sea exchange at these latitudes is also important for CO 2 cycling as carbon is transferred from the atmosphere to the ocean over long time scales and through deepwater formation. Polar waters are generally undersaturated with CO 2 and act as a sink for atmospheric CO 2 throughout the year. To understand the relationship between the carbon cycle and climate change, accurate models of the air-sea exchange of greenhouse gases at high latitudes are important.
Gas exchange across the air-water surface is controlled by the air-sea difference in the partial pressure of the specific gas and the gas transfer velocity. The gas transfer velocity describes the efficiency of the transfer process and is governed by various processes that cause turbulence in the subsurface water. Among these processes, wind speed is considered the most robust parameter for gas transfer velocity [e.g., Liss and Merlivat, 1986; Wanninkhof et al., 2009] . It is, however, generally agreed that the gas transfer velocity is controlled by a number of processes (e.g., surfactants, water-side convection, and rain), and a detailed understanding of the importance of these processes remains elusive [Garbe et al., 2014] . At higher wind speeds, wave breaking and encapsulated bubbles in the subsurface waters enhance the air-sea gas transfer velocity, and the magnitude of this enhancement likely depends on gas solubility [Yang et al., 2014; Huebert et al., 2010; Marandino et al., 2007; Kihm and Körtzinger, 2010; Andersson et al., 2016] . In contrast, in the low-wind speed regime, the transfer velocity may be governed by several parameters, such as rain, surfactants, microwave breaking, and water-side convection [MacIntyre et al., 2002; Rutgersson et al., 2011] , depending on the regional conditions.
Few measurements of air-sea fluxes in high Arctic fjords have been reported [e.g., Kilpeläinen and Sjöblom, 2010; Vihma et al., 2011; Kral et al., 2014] , and field studies on the parameters that affect the air-sea gas transfer velocity in polar areas are even scarcer. The surface conditions in these areas show great temporal complexity, involving, for example, ice formation, polynyas, currents, and convective mixing. Therefore, a more specific parameterization of the air-sea gas transfer velocity based on factors in addition to wind speed is necessary. Using the concept of resistances [Liss, 1973; Jeffery et al., 2007] , Rutgersson and Smedman [2010] demonstrated that water-side convection was the main driver of water-side turbulence in situations with low wind speeds, unstable atmospheric stratification, and deepwater mixed layer depth. In wintertime, conditions of deepwater mixing and unstable stratification in the air and water commonly arise over the ANDERSSON ET AL.
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North Atlantic and other high-latitude seas. In this study, we investigate the effect of water-side convection on the gas transfer velocity of CO 2 based on eddy covariance (EC) air-sea flux measurements of CO 2 and sensible and latent heat under Arctic marine conditions.
Theory

Transfer Velocity
Based on measurements of the air-sea flux of CO 2 (F CO2 ) and the difference in the partial pressure of CO 2 (ΔpCO 2 ) between surface water and overlaying air, the transfer velocity (k CO2 ) can be determined using the flux bulk equation:
where K 0 is the gas-specific solubility constant. To compare estimates of k CO2 data measured at different locations with temperature T and salinity S, k CO2 is normalized with respect to the Schmidt number (Sc).
where k 660 is the transfer velocity scaled to a Schmidt number of 660 (for CO 2 at 20°C in seawater). Numerous studies have investigated how to parameterize the transfer velocity in terms of horizontal wind speed at a height of 10 m (U 10 ; see the review by Wanninkhof et al. [2009] ). A synthesized result from Wanninkhof et al. [2009] review is to use a parameterization that includes both quadratic and cubic wind speed terms, combining the effects from both low-and high-wind speed regimes:
Here the 10 m wind speed (m s À1 ) is extrapolated from the wind speed measured at a height of 3 m above mean sea level, using the expression provided by Högström [1996] for the nondimensional wind gradient ϕ m valid for unstable stratification; the measurement height was corrected for variations in the water surface level caused by the tide.
Water-Side Convection
Convective mixing is important for deepwater ventilation in the world's oceans. This mixing arises from surface buoyant forces generated by surface cooling and evaporation. As in the atmosphere, these large convective eddies are present throughout the mixed layer and are pronounced during low and moderate wind speeds. Close to the water surface, the convective eddies break down into smaller-scale water-side turbulence, which enhances the air-sea gas transfer. Similar to convective scaling in the atmosphere [Deardorff, 1970] , an expression for the characteristic velocity scale (w * w ) of the convective turbulence in lakes [Imberger, 1985] and oceans [Jeffery et al., 2007] has been defined as
where B is the buoyancy flux at the sea surface and z ml denotes the mixed layer depth in water (the characteristic length scale). According to this expression, stronger buoyancy and deeper mixed layers produce enhanced water-side convection. To parameterize the buoyancy flux, an expression from Jeffery et al.
[2007] is used.
The first term on the right-hand side describes the effect of surface cooling, where g is the gravity, a is the thermal expansion coefficient, and Q net is the sum of the sensible and latent heat fluxes (Q H and Q E , respectively); the heat to or from the water body by advection; the net long-wave radiation (R N ); and the incoming short-wave radiation. c pw denotes the specific heat of water at constant pressure, and ρ w is the density of seawater. The second term describes the contribution of evaporation, where β sal is the saline expansion coefficient and λ is the latent heat of vaporization. Here the incoming short-wave radiation is found to be in the range of 0-3 W m À2 (diffusive short-wave radiation), and vertical profile measurements of water temperature
(not shown here) show no indication of horizontal differences in the water temperature. Based on EC flux
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measurements performed in the Baltic Sea, Rutgersson and Smedman [2010] observed a significant enhancement of k with increasing surface cooling during unstable atmospheric stratification. After removing the impact of wind stress, they found that the gas transfer velocity (cm h À1 ) increased as the convective turbulence increased in the range of 0.0062 m s À1 < w * w < 0.0166 m s À1 according to the expression:
where a significant convective contribution was found when w * w > 0.01 and z ml > 20 m. At low to intermediate wind speeds, convection significantly enhances air-water gas transfer Jonas et al., 2003; Rutgersson and Smedman, 2010] . The general theory is that water-side convection is mainly important at lower wind speeds. In contrast, for higher wind speeds, stress-induced turbulence is typically dominant and disrupts the water-side convection, thereby reducing the influence of w * w on k. Different suggestions have been proposed regarding when w * w begins to be important for k. MacIntyre et al. [2002] found that water-side convection was the dominant process for air-water gas exchange when U 10 < 5 m s
À1
. Based on a lake study, Imberger [1985] proposed a relationship involving the ratio of the wind-driven water-side turbulence u * w and w * w , where water-side convection dominates when u * w /w * w < 0.75 with u *w ¼ u Ã ρ a ρ w
1=2
; here u * denotes the friction velocity in air and ρ a and ρ w denote the densities of air and water, respectively. In contrast, Podgrajsek et al. [2014 Podgrajsek et al. [ , 2015 determined that water-side convection was important for k CO2 (and for the gas exchange of methane) for values of u * w /w * w exceeding 0.75 based on their study of a shallow lake. Data reflecting the importance of water-side convection for the gas transfer velocity at higher wind speeds, however, remain lacking.
Data and Analysis
Study Area and Measurements
A field campaign was conducted near Longyearbyen, Svalbard, Norway (Figure 1 ), between 14 and 30 March 2013. An EC flux tower and a tower containing profile instruments for temperature and wind were set up at Adventpynten, on the southwest side of Adventfjorden. Adventfjorden is a side fjord of the larger Isfjorden (north of Adventfjorden) and is approximately 7 km long. The distance across the fjord from Adventpynten is approximately 3 km. The fjord is surrounded by mountains rising to heights of 400-1100 m. The transition from land to water at the site is relatively smooth, but the water depth increases quickly. In the center of the bay, the bottom topography is relatively homogenous, and the water depth varies between 60 and 75 m. The EC flux method determines turbulent fluxes directly by correlating two high-frequency signals: the vertical wind component and the constituent of interest (e.g., CO 2 ). This method is frequently used for micrometeorological applications and has been applied to study several aspects of air-sea interaction in the study area [e.g., Kilpeläinen and Sjöblom, 2010; Kral et al., 2014] . The EC flux system was installed at 3 m above sea level (depending on the tide, which has a mean amplitude of roughly 1 m) and included one Sonic Anemometer CSAT3 (Campbell Scientific, North Logan, UT, USA) to measure the three wind components and sonic temperature and an LICOR-7500A (LICOR-Inc., Lincoln, NE, USA) open-path gas analyzer to measure humidity and CO 2 . A second tower was also instrumented with slow-response sensors measuring wind, temperature, and humidity at 0.5 m and 4.0 m above the ground. On 14 and 19 March, profile measurements of water temperature and salinity were taken every 15 min near the tower in Adventfjorden at a water depth of approximately 45 m using a conductivity, temperature, and depth sensor (Sea-Bird SBE 19plus v2 SeaCAT, Sea-Bird Electronics Inc., Bellevue, WA, USA). Water samples were taken to determine the water concentration of dissolved inorganic carbon (DIC) and the alkalinity. In front of the boat, a net radiometer (CNR-1, Kipp & Zonen, Delft, Netherlands) was installed attached to a bar and used to measure the radiation balance over water. On 21 and 22 March, additional measurements of the radiation balance, pCO 2 , and sea surface temperature (SST) were obtained using an SAMI 2 (Sunburst Sensors, Missoula, MO, USA) mounted at a depth of 0.5 m. The DIC was determined using a coulometric titration method with a precision of~2 μmol kg À1 , and the alkalinity was obtained by potentiometric titration, which also had a precision of~2 μmol kg
À1
. The accuracy was measured by calibration against a certified reference material supplied by A. Dickson, Scripps Institution of Oceanography (U.S.). Then, the pCO 2 was calculated from the DIC, alkalinity, temperature, salinity, and pressure using CO2SYS software [Lewis and Wallace, 1998 ] and the dissociation constants of Mehrbach et al. [1973] refit by Dickson and Millero [1987] .
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Analysis
Flux data were sampled at a rate of 20 Hz and averaged over 30 min blocks. For every individual block, a double rotation and detrend algorithm was applied. Flux error caused by the time lag resulting from the distance separating the sonic and gas analyzers was reduced using an algorithm that finds the maximum correlation between the vertical wind and scalar (e.g., CO 2 ). Before the flux calculations, the data were screened with a filter using the diagnostic value of the LI-7500 and the mean concentrations of humidity and CO 2 to remove data affected by precipitation and ice growth on the instrument. The vertical turbulent fluxes were then determined based on the covariance of the turbulent element of the vertical wind and the turbulent part of CO 2 . To account for the density fluctuations caused by heat fluxes affecting the measured CO 2 flux, the Webb-Pearman-Leuning correction [Webb et al., 1980] was applied. The EC method relies on the assumption of horizontal homogenous turbulence and stationary conditions, and thus, high-quality data are crucial. Fluxes measured at a certain height represent the surface conditions of a specific upwind area and comprise the flux footprint. For measurements collected at a land-based marine site, calculating the flux footprint is key for assessing the area of impact on the measurement. Here ensuring that the flux footprint corresponds to an area representative of the study area is important.
To investigate the size and location of the flux footprint and filter the data for further analysis, the flux footprint parameterization [Kljun et al., 2015] was run. Here the footprint climatologies for two cases were studied (Figure 1, right) : one period with winds from the sector 90°< wind direction (WD) < 120°(Sector 1; black solid lines) and one period with winds from the sector 130°< WD < 150°(Sector 2; black dashed lines). The flux footprints were calculated for each 30 min flux measurement of the selected series and then aggregated to produce a footprint climatology for each case. For both sectors, most of the CO 2 fluxes originated from the 300 m range surrounding the EC tower. For Sector 1, the flux footprint is located over a region of the fjord with a water depth of 50-65 m and upwind fetch exceeding 3 km. For Sector 2 and situations in which WD >140, the upwind fetch is significantly reduced. Because of the possible risk of influence from the nearby harbor and the difference in wavefields for Sector 2 and Sector 1, only situations with wind from the sector 90°< WD < 130°were used for further analysis. The selected data were then evaluated by applying spectral and cospectral analyses, and data points associated with obvious errors were discarded.
Results
The air temperature varied between À16°C and À3°C during the field campaign, and wind speeds up to 14 m s À1 were measured. The wind direction was mostly in the range of 80°< WD < 150°, resulting in the 
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advection of dry, cold air from the land on the other side of the fjord over the comparatively warm open waters of Adventfjorden (water temperature: À1.0°C to À0.5°C). During the field campaign, three periods with wind from Sector 1 occurred. The first two periods (16-17 and 19-21 March) were characterized by winds from the sector 80°-150°, with limited icing of the instruments, and the EC CO 2 data were considered to be of good quality according to the spectral/cospectral analysis. During the last period (23-30 March), icing on the instruments was a major issue, and useful data were often reduced to a few hours immediately after the daily inspection of the instruments. The data characterizing the different periods are shown in Table S1 in the supporting information.
The incoming short-wave radiation was in the range of 0-3 W m À2 (diffusive short-wave radiation), and vertical profile measurements of water temperature (not shown here) showed no indications of horizontal differences in the water temperature. Hence, the calculation of Q net was reduced to the sum of Q H , Q E , and R N , where the outgoing long-wave radiation was in the range of 90-117 W m
À2
. Both the sensible and latent heat fluxes showed maximum values exceeding 200 W m
, large but not uncommon for Arctic fjords in midwinter where heat fluxes exceeding 400 W m À2 are regularly observed [Fortuniak et al., 2016] . The sensible heat flux was generally the larger of the two, with peak values close to 300 W m À2 associated with cold air outbreaks and U 10 > 10 m s
À1
. The average Bowen ratio B, which was defined as the ratio of sensible and latent heat fluxes, was 1.16. This value is similar to that measured by Brϋmmer [1997] (B = 1.21) in the same region during a cold air outbreak for upwind fetch in the range of 30-150 km.
Hydrographic measurements taken just outside Adventpynten showed a well-mixed water column all the way to the bottom (water depth of approximately 42 m). On 14 March, the SST was À0.50°C, and in the center of the fjord, the mixed layer depth was approximately 70 m. During 19-21 March, the surface water temperature varied between À0.56 and À0.53°C, and the salinity was close to 34.8 at all depths. Except for a period at the beginning of the field campaign, the CO 2 fluxes generally exhibited downward directions and were in the range of À5 to 0 μmol m À2 s
. These findings are in agreement with the measured pCO 2 in water of 250-278 μatm, suggesting CO 2 uptake by the water. Figure 2 depicts the convective contribution to the gas transfer velocity estimated from 62 half-hour measurements as a function of the convective velocity scale w * w . The influence of wind speed-driven turbulence on the estimated gas transfer velocity was removed by k W09 (equation (3)). The color of each point corresponds to the wind speed measured at a height of 3 m above the mean sea level. The convective velocities are in the range of 0.0096 m s À1 < w * w < 0.0145 m s À1 with wind speeds from 2.5 to 9.5 m s
. The largest contribution to w * w comes from surface cooling (term 1 in equation (5)), whereas the contribution from changes in the salinity (term 2) is minor. A clear dependence is evident because k 660 -k W09 increases as w * w increases. For 0.010 m s À1 < w * w < 0.012 m s
, the convective velocities are generally associated with lower wind speeds. For situations with strong water-side convection (w * w > 0.010 m s
) and relatively low wind speeds (U 10 < 6 m s À1 ), k 660 -k W09 is expected to depend on w * w . For higher wind speeds, however, the effect of water-side convection is generally assumed to be reduced by ) was observed, with large values of k 660 -k W09 and a dependence onw * w that were similar to the low-wind-speed regime. Although these data are associated with high wind speeds, the large heat fluxes result in high values of w * w and cause the ratio u * w /w * w to stay in the range of 0.9 to 1.4. The combination of wind-induced transfer and transfer caused by buoyant motions in the water under this regime results in the efficient air-sea transfer of CO 2 . Indeed, the values of k 660 are much larger than the calculated k W09 values that are normally used to estimate k 660 at these high wind speeds.
Because of the limited fetch for these EC flux data, the wavefield within the flux footprint is not expected to exhibit the characteristics of a typical wavefield for open-sea conditions. Turbulence are generally higher over water bodies with limited fetch and growing sea conditions because, in the wavefield, the wave height is steeper and wavelength shorter than for open ocean with saturated waves. Studies on the turbulence characteristics over lakes have revealed that upwind surface roughness can affect the measured turbulence over a lake because of persistent larger eddies carry a memory of the upwind surface roughness over land [Vesala et al., 2012] . The effect of the imbalance between u * and U 3 on our results (i.e., the impact of the relationship between k 660 -k W09 and w * w ) can be investigated by comparing the measured U 10 with a wind speed representative of open-sea conditions. The latter can be calculated according to
where κis the von Karman constant (κ = 0.40), and our measured values of u * , the measurement height above sea level z, and the expression from Charnock [1955] for the roughness length z 0C ¼ αÂu 2 Ã =g (α = 0.018) are used. Ψ m denotes the integrated profile function of wind speed, which is obtained from the integration of the expression for ϕ m provided by Högström [1996] . Comparing the measured U 10 and U 10,OS showed that U 10,OS was, on average, 30% higher than the measured U 10 , and the largest differences between U 10 and U 10,OS were found at higher wind speeds. To validate and further investigate the contribution of k 660 from water-side convection (k c ) and its dependence on w * w , we use the data presented in Rutgersson and Smedman [2010] and Rutgersson et al. [2011] , which were measured at the land-based marine site Östergarnsholm in the Baltic Sea [Högström et al., 2008; Rutgersson et al., 2008] . These data are associated with low wind speeds (U 10 < 6.5 m s
) and cover water-side convective velocities in the range of 0.006 m s À1 < w * w < 0.018 m s À1 , with only a few values of w * w > 0.014 m s À1 . As in Figure 2 , which depicts the data from Adventfjorden, we use the wind speed parameterization of Wanninkhof et al. [2009] , k W09 , to reduce the effect of wind-driven turbulence on k 660 for the Östergarnsholm data ( Figure 3) . The two data sets show good agreement regarding the dependencies of k c and w * w (Figure 3 ), despite being measured under substantially different climatic conditions at different sites. The more moderate slope of the expression of 
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10.1002/2016GL072373 Rutgersson and Smedman [2010] for k c given in equation (6) (cf. red line in Figure 3 ) causes a small underestimation of k c for the Svalbard data. The best fit to both data sets is given by k c = 3300 w * w À 24 (black line). When using U 10,OS instead of U 10 to remove the wind-driven turbulence, the best fit to the data is given by k c = 2300 w * w À 17. For data associated with U 10,OS < 7 m s
À1
, however, the best fit to the data is k c = 2650 w * w À 19. This is similar to the findings of Rutgersson and Smedman [2010] , which were also based on data related to wind speeds <7 m s À1 .
Finally, the relative importance of convectively generated turbulence for air-sea transfer is studied for an extended period using data for which k c could be determined by measuring Q H , Q E , R N , and z ml , totaling 227 h of data from 16 to 31 March. Using the two parameterizations (k c = 3300 w * w À 24 and k c = 2300 w * w À 17), the relative CO 2 flux contributions to the total air-sea CO 2 flux from convectively driven flux F c and wind-driven flux F u (defined as F tot = F u + F c for simplicity) were estimated. The relative contribution of water-side convection to F tot was found to depend on the ratio of u * w /w * w . On average, F c accounted for 48% of F tot using k c = 3300 w * w À 24 and 34% of F tot when k c = 2300 w * w À 17 was used to determine F c , and for U 10 < 7 m s À1 the contributions to F tot from F c were calculated to 62% and 52%, respectively.
Summary and Conclusions
The importance of water-side convection for the efficiency of air-sea gas transfer was studied using EC measurements of CO 2 in an Arctic fjord region. The estimated transfer velocities of CO 2 show a clear dependence on the water-side convection generated by the surface cooling and evaporation of the water surface described by w * w . For low wind speeds, previous studies have demonstrated that k c (i.e., the contribution of water-side convection to the total transfer velocity for CO 2 ) can be expressed as a function of w * w . Here we determined that this dependence is also valid for wind speeds as high as 9 m s À1 for situations with strong water-side convection (w * w > 0.012 m s À1 ). The combined effect of convectively driven turbulence and turbulence generated from wind forcing and breaking waves substantially improves the efficiency of gas transfer across the air-sea interface and results in significantly higher values of k 660 relative to those obtained by a k 660 parameterization based on wind speed alone. For comparison, we applied our approach to published data collected from Östergarnsholm in the Baltic Sea, which is exposed to very different climatic conditions. The two data sets showed good agreement in terms of the dependence of k c on w * w , which is best described by the parameterization k c = 3300 w * w À 24. Based on our results, k c affected the total gas transfer velocity to the same degree as the contribution of wind speed to the total gas transfer velocity. Our data, however, are associated with larger values of u * than are typical for open-ocean conditions, partly because of the rougher water surface with steeper waves and shorter wavelengths, which led to increased surface roughness over the fjord.
When accounting for the potential underestimation resulting from wind stress on k 660 compared to open-sea conditions, a dependence between k 660 -k W09 and w * w was found. The relative contribution of water-side convection to the calculated total CO 2 flux remained as high as 34%, and the magnitude is clearly related to u * w /w * w . Data associated with wind speeds lower than 7 m s À1 show the strongest relationship between k 660 -k W09 and w * w , which is best described by k c = 2650 w * w À 19, similar to the parameterization for k c , as suggested by Rutgersson and Smedman [2010] for data with U 10 < 7 m s
À1
.
This study demonstrates the importance of water-side convection for air-sea gas transfer. For Arctic fjords and coastal waters, water-side convection resulting from surface cooling likely significantly influences the total air-sea CO 2 exchange. Even if the conditions in the present study can be considered somewhat extreme, they are not uncommon for high-latitude seas in wintertime. Our results highlight that air-sea CO 2 transfer at these latitudes may be significantly underestimated, which has serious ramifications for estimates of the global carbon budget. Further investigations are urgently needed to improve our understanding of air-sea CO 2 exchange in marine Arctic areas.
